Twenty-two single-nucleotide polymorphisms (SNPs) in 10 gene regions previously identified in obesity and type 2 diabetes (T2D) genome-wide association studies (GWAS) were evaluated for association with metabolic traits in a sample from an island population of European descent. We performed a population-based study using 18 anthropometric and biochemical traits considered as continuous variables in a sample of 843 unrelated subjects (360 men and 483 women) aged 18-80 years old from the island of Hvar on the eastern Adriatic coast of Croatia. All eight GWAS SNPs in FTO were significantly associated with weight, body mass index, waist circumference and hip circumference; 20 of the 32 nominal P-values remained significant after permutation testing for multiple corrections. The strongest associations were found between the two TCF7L2 GWAS SNPs with fasting plasma glucose and HbA1c levels, all four P-values remained significant after permutation tests. Nominally significant associations were found between several SNPs and other metabolic traits; however, the significance did not hold after permutation tests. Although the sample size was modest, our study strongly replicated the association of FTO variants with obesity-related measures and TCF7L2 variants with T2D-related traits. The estimated effect sizes of these variants were larger or comparable to published studies. This is likely attributable to the homogenous genetic background of the relatively isolated study population.
INTRODUCTION
Recent genome-wide association studies (GWAS) have identified nearly 30 common sequence variants associated with obesity and type 2 diabetes (T2D) related traits in populations primarily of European descent. Genes that have been implicated in T2D harboring these variants include TCF7L2, SLC30A8, HHEX/IDE, CDKAL1, CDKN2A/B, IGF2BP2, TCF2 and PPARG; [1] [2] [3] [4] [5] [6] [7] genes that are primarily associated with obesity-related phenotypes are INSIG2, FTO, MC4R, BDNF and SH2B1. [8] [9] [10] [11] [12] [13] [14] Among these genes, TCF7L2 and FTO have emerged as the strongest candidates conferring risks to T2D and obesity, respectively, replicated across studies with relatively large effect sizes. 15, 16 The purpose of this study was to replicate a set of the significant GWAS single-nucleotide polymorphisms (SNPs) from the aforementioned studies with several metabolic traits in an island population from the eastern Adriatic coast of Croatia.
Croatian islanders are primarily of Slavic descent, who emigrated from the mainland at successive time periods, the latest during fifteenth and eighteenth century AD following the Turkish invasions. 17, 18 Since that time, the populations have remained relatively isolated largely because of their geographic isolation with minimal immigration from the mainland. In spite of sharing a common descent, these populations are distinct from their mainland European ancestors, practicing a traditional life-style pattern based primarily on an agricultural subsistence in a rural setting and living on a typical 'Mediterranean' diet of fish, vegetables, olive oil and red wine. 18 However, previous studies have shown high prevalence of obesity and hypertension, [19] [20] [21] which imply factors other than nutritional practices and life-style patterns have influenced variations in metabolic profiles of these populations.
We analyzed 22 significant GWAS SNPs located in and around INSIG2, PPARG, CDKAL1, SLC30A8, CDKN2A, CDKN2B, HHEX/ IDE, TCF7L2, FTO and MC4R to test for associations with traits that include obesity-related measures of body mass index (BMI), waist circumference (WC), hip circumference (HC), waist-hip ratio (WHR), blood pressure and biochemical measures of fasting plasma glucose (FPG), HbA1c, insulin, HDL, LDL, total cholesterol (TC), triglyceride (TG), fibrinogen, calcium, creatinine and uric acid levels. Among the significant observations, we found strong associations of two SNPs (rs7903146 and rs12255372) in TCF7L2 with FPG and HbA1c levels; and all eight SNPs in FTO were individually associated with weight, BMI, WC and HC.
MATERIALS AND METHODS

Study population and phenotypic measurements
The study samples were collected from the island of Hvar, the largest of the middle Dalmatian islands on the Adriatic coast with a population of over 11 500 individuals. Anthropometric measurements of height (Ht), weight (Wt), WC, HC, blood pressure and blood samples were obtained from 843 unrelated individuals (360 men and 483 women) aged 18 to 80 years old from the island of Hvar. Subjects within this age bracket were randomly ascertained without consideration for any known disease status and use of medication. Study protocols were approved by the ethics committee of the Institute for Anthropological Research, Zagreb and the Institutional Review Board of the University of Cincinnati.
Data on Ht, Wt, WC and HC were used to compute the composite scores of BMI (Wt in kg)/(Ht in m 2 ), and WHR (WC/HC). Blood pressure was measured three times using mercury sphygmomanometer at resting position; the second and the third measurements were used to calculate the mean systolic (SBP) and diastolic (DBP) blood pressure. Blood samples were drawn after a 12-h fast and serum was separated and kept frozen until shipped to the clinical chemistry laboratory in Zagreb, where biochemical tests were performed to measure FPG, HbA1c, insulin, HDL, LDL, TC, TG, fibrinogen, calcium, creatinine and uric acid levels using standard methods.
Genotyping
Twenty-two SNPs (Table 1) significantly associated with anthropometric and biochemical traits in GWAS were genotyped in the total sample of 843 subjects. The five MC4R SNPs were genotyped using the TaqMan assay and the remaining 17 SNPs were typed using the SNPlex assay following protocols described previously. 22 Quality control was assured by introducing blind duplicates and negative controls into each batch of samples in the 96-well format. The overall genotype call rate of the 22 SNPs was 96.8% and the genotypic consistency rate based on 8 internal replicates was 499.5%.
Statistical analysis
Descriptive statistics of the phenotypic traits were calculated using SAS v.9. 1 (SAS Institute, Inc., Cary, NC, USA). Allele and genotype frequencies were computed using the HelixTree software (Golden Helix, Inc., Bozeman, MT, USA). Hardy-Weinberg equilibrium (HWE) was assessed by Fisher's exact test. The phenotypic traits were adjusted for the effects of age, gender and their interaction term by linear regression. The association between each SNP and the adjusted traits was performed using HelixTree based on an additive model (1 df test) with P-values considered nominally significant at r0.05. A permutation-based analysis, with 1 00 000 iterations, was performed to account for multiple tests based on the number of markers. Table 1 shows the description of the examined SNPs with their NCBI dbSNP IDs ('rs' numbers), gene location, chromosomal base positions and minor allele frequencies (MAFs). Genotype proportions at all SNPs conformed to the expectations of HWE with a P-value 40.01 (data not shown). All of the SNPs in our population are moderately to highly polymorphic with the MAF ranging between 0.13 and 0.49. In general, the allele frequencies corresponded to those in the European HapMap sample (www.HapMap.org).
RESULTS
Descriptive statistics (mean ± SD) of the phenotypic traits are presented in Table 2 . The mean age of the participants at the time of sampling was 57.84 years (59.55 years in men and 56.56 years in women). All of the examined phenotypes were considered as continuous traits for analysis. Of the two classic measures of obesity, mean BMI was within the normal range of variation (BMIr30 kg/m 2 ) in both genders; however, mean WC was above the normal range as defined either by the ATPIII (Adult Treatment Panel III) 23 or IDF (International Diabetes Federation) 24 definitions in both men and women (men¼101.9 cm, women¼91.9 cm). Among the biochemical traits, mean FPG in men (6.3 mmol/l), TC in men (5.8 mmol/l) and women (6.1 mmol/l), and fibrinogen (3.6 g/l in men and 4.0 g/l in women) were slightly above the normal cutoff values. With an expected correlation of these measures with age, a likely explanation for this observation is the study group represents a relatively older population as indicated by the mean age of the participants.
The results of genetic association of the 22 SNPs with the 18 traits are presented in Tables 3a and b. In Table 3a , we show the P-values of single-locus association tests with traits that are primarily associated with measures of obesity (Wt, BMI, WC, HC and WHR) and T2D (FPG, HbA1c and insulin). The most notable observations were with the SNPs in FTO and TCF7L2. All 8 FTO SNPs were individually associated with Wt, BMI, WC and HC; 20 of the 32 nominal P-values remained significant after permutation testing. Two FTO SNPs (rs9939973 and rs1121980) were also nominally associated with insulin. The strongest associations were found between the two TCF7L2 SNPs (rs7903146 and rs12255372) and FPG and HbA1c, with P-values (all r1Â10 À5 ) remaining significant after the permutation tests. In addition, rs1801282 (PPARG), rs10811661 (CDKN2A/B) and rs1111875 (HHEX/IDE) were marginally associated with both FPG and HbA1c levels. The HHEX/IDE variant was also nominally associated with Wt and BMI. Table 3b shows the results of single SNP associations with traits that are involved in the larger milieu of metabolic abnormalities and secondarily associated with obesity and T2D. Although the P-values are nominal, six FTO SNPs (rs9939973, rs1421085, rs1121980, rs17817449, rs8050136 and rs9939609) were associated with HDL; rs7190492 in FTO was associated with SBP; rs132266634 in SLC30A8 was associated with TC; rs9939609 in FTO was associated with TG; rs10946398 in CDKAL1 and rs9939973 in FTO were associated with fibrinogen; rs17782313 in MC4R was associated with creatinine; and rs13266634 in SLC30A8 was associated with uric acid.
DISCUSSION
We sought to replicate associations of 22 GWAS variants in 10 gene regions with a series of metabolic traits in an isolated population of European descent. The published studies have provided both direct and indirect explanations of biological plausibility of these genes/ regions (INSIG2, PPARG, HHEX/IDE, CDKAL1, SLC30A8, CDKN2A, CDKN2B, TCF7L2, FTO and MC4R) in the pathophysiology of carbohydrate intolerance and the maintenance of energy balance. Our study replicated the associations of FTO and TCF7L2 GWAS SNPs with obesity and T2D-related traits, respectively. The FTO gene variants have shown consistent associations with obesity across several studies. [9] [10] [11] 14, [25] [26] [27] These studies primarily considered BMI as the measure of obesity. We extended the list of the phenotypic traits influencing obesity and found without exception, FTO variants were associated with each of the four obesity-related traits (Wt, BMI, WC and HC, with P-values ranging from 0.018 to 0.0004). We found clear replication of previously reported associations of two SNPs, rs3751821 and rs1421085, with Wt and BMI, respectively. 14, 28 Overall, the consistent associations between the extended measures of obesity and all eight SNPs provide further evidence that FTO variants influence body fatness. In a recent study, we evaluated association of 29 SNPs on FTO, including the eight variants reported here, with a larger number of obesity-related phenotypic traits. 29 In addition to the body fatness measures (BMI, Wt, WC and HC), this study showed that FTO variants influence lean mass (eg, bicondilar upper arm width), suggesting pleiotropic effects of the FTO gene. Also, we found that the body fatness measures were highly correlated (all r 2 40.8), 29 which at least partially explain the consistent association of the obesity-related traits with FTO SNPs. However, precise relationships between FTO SNPs and each of the obesity-related traits are difficult to assert from these observations, as the genetic and environmental contributions to their correlations are unknown.
With respect to the risk of T2D, the strongest evidence for association has been found with variants on the TCF7L2 gene with odds ratios 41.5 in multiple studies. 1, 2, [30] [31] [32] We genotyped two GWAS SNPs, each showing very strong associations with FPG (rs7903146, P¼1.29Â10 À7 ; rs12255372, P¼9.62Â10 À8 ) and HbA1c (rs7903146, P¼1.14Â10 À9 ; rs12255372, P¼6.37Â10 À9 ). We also performed a secondary analysis of all SNPs taking into consideration FPG and HbA1c as dichotomous traits being surrogates for T2D state (all data not shown). In the total sample of 843 individuals, 113 had FPG Z126 mg per 100 ml and 100 subjects had HbA1c Z6.5%, which are cut points for T2D according to the World Health Organization, which are also used as standards for the Croatian populations. We found highly significant associations of the TCF7L2 SNPs with T2D status based on both FPG (rs7903146, P¼5.8Â10 À5 ; rs12255372, P¼0.0001) and HbA1c (rs7903146, P¼9.93Â10 À6 ; rs12255372, P¼3.33Â10 À5 ), all P-values remained significant after corrections for multiple tests. In spite of the relatively smaller sample size of our study, these results reiterate the importance of genetic variation in FTO and TCF7L2 influencing the risk of obesity and T2D in our study population. We found effect size estimates of variants in FTO on measures of body fatness were comparable to those reported in previous GWAS, which reported various FTO SNP effect sizes between 0.33 and 1.45 kg/m 2 per risk allele. 9, 14, 25, 28 For example, each copy of the C allele of the most significant FTO SNP rs1421085 was associated with an elevation of age and gender adjusted values of Wt (1.98 kg), HC (1.42 cm), WC (1.78 cm) and BMI (0.64 kg/m 2 ). Under the additive model, the variance explained by rs1421085 was 1.22% (Wt), 1.27% (HC), 1.49% (WC) and 1.29% (BMI). An example of this is presented graphically in Supplementary Figure 1 illustrating the comparability of effect sizes (in BMI units) between this study and previously reported GWAS based on rs1421085 and SNPs that are in strong linkage disequilibrium (LD) with this SNP in our population. The effect sizes obtained by Dina et al 10 are somewhat larger, which is likely because of their use of morbidly obese individuals in effect size calculations. Importantly, the most significant SNP in our study, rs1421085, overlaps the 95% confidence intervals of SNPs in high LD in the reported GWAS. Similarly, in TCF7L2, each copy of the T allele of rs12255372 corresponded with an elevation of age and gender adjusted values of FPG (0.39 mmol/l) and HbA1c (0.27%). The variance explained by the effect of rs12255372 was 4.4% (FPG) and 4.3% (HbA1c). As noted above, in GWAS FTO and TCF7L2 have emerged as the most important genes influencing the risks for obesity and T2D and have been replicated in populations of diverse origins. Our results of association not only confirmed these findings, but were further augmented by higher effect sizes of the variants, which is likely attributable to a homogenous genetic background of the study population. It should also be noted that the eight FTO SNPs in our study population were in high LD, with average pairwise r 2 40.8 and the two TCF7L2 SNPs were in near perfect LD (r 2 ¼0.92).
The modest sample size of our study limited the power to detect signals of association of variants of small effect sizes or to provide confirmation of previously reported findings. On the basis of power calculations for 22 SNPs, however, we have sufficient power to detect SNPs with moderate effect size. For example, our study has 94.8% power to detect SNPs, which explain 1.5% variance at the nominal significance level (a¼0.05). Even using the multiple-testing adjusted significance level (a¼0.05/14, 14 is the estimated number of equivalent independent tests of the 22 SNPs based on permutation), the power is 74.8%. We found nominal replications of the SNPs on PPARG (rs1801282), CDKN2A/B (rs10811661) and HHEX/IDE (rs111875) with both FPG and HbA1c levels. Each of these three SNPs was previously associated with T2D risk in GWAS; 4,7 direction of associations in our study was consistent with these studies. Of note is the PPARG SNP rs1801282, which is the Pro12Ala coding variant and was found to be associated with decreased T2D risk. 33 We found the association of this SNP was in the same direction as was found by Altshuler et al; 33 the minor allele was protective against T2D when defined by HbA1c Z6.5%. We did not find association of the variants in the two previously implicated T2D loci, CDKAL1 and SLC30A8, with FPG, HbA1c or insulin levels. Our study failed to confirm the association between variants in MC4R and measures of body fatness. The MC4R SNPs were found to be associated with fat mass, Wt, WC, insulin resistance in previous GWAS. 12, 13 We also did not find association of the INSIG2 SNP, rs7566605, with any of the phenotypic traits. This was the first variant implicated in obesity in a GWAS. 8 However, its association remains largely inconclusive. 34 Failure to replicate these findings, whose effect sizes are small, could have stemmed from insufficient sample size. It should also be noted that the GWAS SNPs may not be the true trait or disease-specific variants, rather these could be in LD with the causal variants. Varied patterns of LD across populations owing to genetic diversity could mask the association of an index SNP with the trait in different populations. We report nominal associations of the GWAS variants with several other metabolic traits, which have not yet been explored in other studies. Therefore, these results need further verification in larger samples of varied ancestries.
